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Iodine-13 and other fission products have been rele;sed from 
irradiated stainless steel-clad. uranium dioxide under con,Zi';io~:~ relevant 
to potential accidents in the P.dvanced Gas-Cooled _?.eactar. 

M~L%Sl~ETlSl?.i;S ?iavc2 been made of the pnetrr,tj on of Iodine-131, 
Tellurium-132, C:aesi.m-137 and Strontium-30, released in the a,bovz manner, 
through a trapping system consisting of an absolute filter, followed. by a 
4” deep bed of charcoal and a final absolute filter, in series. Ro sign-j- 
ficant penetrations have been observed except in the case of iodine-:$l in 
the form of al.ryl iodides. Some small fraction of the iodine released 
from the irradiated fuel i's in this f'orm and investigations have shown some 
condi.t:ions in which this ?'orm can b e produced from iodine initially present 
in other forms. 

3xperirnents with macroscopic amounts of metkyl iodide, representing 
the above form of iodine, have shown that it is only delayed on activated 
charcoal at temperatures up to 400°C, but part of it can be permanently 
retained at ZOOOC. Oxidising catalysts shove some prorkse of effectively 
retaining methyl iodide, but the presence of carbon monnoxide interferes. 
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INTRODUCTIOIJ 

An efficiemt fission produot trapptikg, or clean-up plant is an essential 
part of the containment system of the AGR and of various other types of 
reaotor. If we can establish confidence in the ability of oontainment 
systsms to prevent the spread of fisnion products in the remote event of a 
reaotor accident, relaxatj.on j-n reactor siting requirement5 could follow. 
A programme of experimental work to prove tho ability of the trapping plant 
to remove dangerous fission products in the case of the AGR is now in bond. at 
the UICAEA Reactor Group Laboratories at Windnonle, 

The fission product which causes greatest concern is iodine-131 so that 
it ia chiefly the behavioux of iodine which determines the desie;n of trapping 
plants. Other fission products that have to be considered include 
Tellurium-132, CaesIum-l37 and Strontium-PO. The rare gas isotopes would be 
ex-LU*3il:33vely released in a roxctor accident, but, as they oan be fairly rapidly 
dispersed from a high stack, they do not present a major haz;ard with current 
si5e5 of reactor, and current designs of trapping plant for gas-cooled 
reactors ssc not intended to retain thsni. 

It was known from earlier wol~k, notably at AXRX (1) end at ORNL(') that 
the trapping plant should inaludo an absolute filter end a bed of acti:ated 
ahwoo&l. In addition, a heat sMc would be necessary to ensure that the 
operating temperature limits of the oharcoal were not exceeded. Other traps, 
for example, aqueous alkrllino scrubber5 or copper mesh, are effective against 
12 vapour, but worker5 at AJSRE have shown that when elemental iodine vapour 
is released into the atmosphere at low aonaentrations, part adsorbs on solid 
aerosols and psrt forms chemical aompoundo with trace impurities. Against 
iodine emissions of this nature, the combination of absolute filter and chsr- 
cogal bed prov 

MP 
a the best available barrier. More reaently, it has been 

shown at AERE that two types of iocLino aompounds are formed in such 
.releasesr inorganic aompounds which are reactive and easily removed. by 
caustic soda and. organic compounds which inolude methyl, ethyl and higher 
alkyl io(lidcs and which are not easily removed from the gas. 

The chemical and physical forms in which fission pro&rat iodine would be 
released from heated irradiated uranium dioxide in aarbon diotide atmoapheree 
were not known at the outset of this work and were expected to depend upon the 
burn-up of the fuel and the conditions in which it was heated. 

Two representative types of reaotor accidents are taken as the basis of 
the experimental studyt- 

(a) pressure cirouit rupture, leading to escape of fission proauot 
activity into the containment volume and a need for olesn-up by 
recirculation through the trapping plant. 

(b) channel blockage, which leads to overheated fuel and release of 
fission products tnto an intaot pressure cirouit which may be 
olatmed up by direot blowdorm through the trapping plant, 

In both these oases, a trappin 
of iodine to less than I part in 10 E 

plant whiah restricts the penetration 
of that presented to it is oonsidered 

to provide satisfactory protection of the environment. 
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'!l!he ex~)erimental approach is >o rolease fission produots from irradiated 
fuel elements, to measure the amounts and 1or'ms in which they are released 
and, in the sajne experiment, to measure their penetration through scaled-down 
trapping By3teln3. This work is augmented by studies of' techniques by which 
the forms of iodine released from irradinted fuel may be simulated with 
separated iodine isotopes. These techniques-are then used to study iodine 
behaviour and to test trapping systems on a larger scale. 

The experiments fall into three main oategoriee: 

Laboratory-scal.e experiments in which activity is released into 
gas at atmospheric pressure in glass apparatus and presented, with 
1itLl.e time delay, to a gas treatment system. Irradiated miniature 
fuel elements can be handled up to a total activity of about 50 
curies in a lead-shielded cell (Pig. 1). Similar experiments are 
oarried out in unshielded apparatus in which iodine is released from 
trace-irradiated miniature fuel elements or from identical unirra- 
diated fuel elements to which separated iodine-131 has been artifi- 
cially added, This work has been in progress for about 18 months. 

(b) Larger scale experiments in which iodine can be allowed to age, 
under condition3 appropriate to its release in a reactor accident, 
and is then presented to commercial-sized filters and charcoal beds. 
This work includes experiments in a large steel filter test rig 
(Yig. 2), which has only recently been brought into operation, and 
allows reaotor accidents to be simulated with separated iodine-131 
or 132, or with iodine released from trace irradiated fuel. 

(c} A single h ig .y active experiment in a small steel rig (Fig. 3) in -hl 
which fission products are released from irradiated AGH fuel 
elements at~2000 AWVD/te burn-up, on the scale of about 4000 curies 
total activity. After the release of fission products into gas at 
high pressure, the performance of a correctly-scaled trapping system 
is measured under conditions simulating (i) direct blowdown of the 
pressure circuit through the trapping system (ii) rupture of the 
pressure circuit and release of its contents in-to the oontainment 
vo:tume, with subsequent recirculation of the containment volume 
contents th.rough the treatment system. This e.xperiment has been 
carried out but final evaluation of its results is not yet complete. 

A fourth aspect of the programme is the testing of the 
installed trapping plant of the Windscale AGH with artificially 
generated releases of iodine-132. Some teat0 were carried out 
earlier this year, but further work is planned. 

Tra~-~n~.~~~~~,Cornponents -.- -- -- 

Unless otherwise noted, the trapping system used in the experiments 
consisted of a coarse pre-filter (Vokes glass fibre material), an absolute 
filter (V'okes VU 76 glass fibre paper), a 4" deep x Ia dia. bed of activated 
charcoal ma5ntained at 100°C (SCII coconut oharcoal - 8 + 12 B.S.S. mesh 
size), and Yinal coarse and absolute filters. 
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Iodine Snmrlers we ^ -- . ..* _ - - -".-- 

The i'i.ss~~on product activity in the gas is measured at points bel'ore and 
after components of the trapping system by sampling packs designed principally 
to distinguish between different f'orms of' iodine. These are called "May 
Packs" after Y. G. May of A.l+J.H.lL who originated them. 

The version we use (Fig. 1~) con::ists oi' th e following components which 
the gas passes in succession as it traverses the pack. 

(a) Four layers of fine copper gauze, especially cleaned before use 
and effective against elemental iodine vapour. 

(b) Type PH millipore filter, which is highly effective against all 
sizes of particles and consequently gives a (;00a messurement of 
particulate iodine. 

(c) Two carbon-impregnated glass fibre papers (Whatman Type ACG/B). 
hotivated carbon is the best known adsorber for ill-defined 
compounds of iodine that can penetrate elemental iodine adsorbers 
(such as copper) and particulate filters. By using these papers, 
the equivalent of only a very shallow bed is presented so that 
only the more reactive compounds are retained. 

(CL) Two successive 2" deep beds o f'SCi1 charcoal (-18 + 52 B.S.S. mesh 
size). These beds are effective against the less reactive iodine 
compounds. 

The components of the pack are separated by PVC gaskets and the whole 
assembly is welded inside a PVC envelope to prevent leakage. Holes to permit 
gas passage are cut in the envelope just before use. The pack is designed to 
take a gas flow of 600 cc/min. The separate components are analysed by gamma 
spectrometry after use in the experiment. 

Particle size anal.sis -- -"--.rw----- -- 

The particle emission from the heated fuel element is sampled by thermal 
precipitators before and after the coarse filter and first absolute filter. 
The particles are deposited on a silicon monoxide film which gives a very 
clean background when examined in the electron microscope (only 10400 
particles per hundred fields of view at x 50,000). Samples taken before the 
filter on type PII millipore filters and on thermal precipitators give particle 
size distributions that agree very well with one another. However, millipore 
filters cannot be used after the absolute filter because their background 
contemination is too high for sensitive detectj,on of particles which are 
present at very low concentrations in the gas. 

Fuel tilements ----1--w.-.e- 

The AGli fuel elements consist of uranium dioxide pellets canned in 
stainless steel and miniature elements are made up from three full size UO2 
pellets sealed inside a short length Cut from an actual AGR stainless steel 
can. Fission products are released by induction heating the elements to 
above the melting point of the can, either in carbon dioxide containing some 
carbon monoxide, which is the normal coolant in the reactor, or in mixtures 
of these gases with air tihich,in some fault conditions, may be present in the 
gas surrounding the fuel elements. 
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RESULTS f0?D DTSCUSSION 

General Summary 

Growing knowledge of the aom&?bex behaviour of iOdita6 When released into 
the atmosphere as elemental iodine v&pour, ?.me led one to expect at least 
equally complex behaviour when the rel.ease 3.5 from irradiated fuel elements 
into a reaotor oirouit and oontafnment, It is th~3mfors encouraging to ;Tlncl 
dn many experiments that the combination of absolute filter .snd C&W@od 'bed 
provides adequate performance. 

Only one class cd iodine aompounds his beak? found with which the above 
trapping system msy not be able to deOa effectively. These are the a&y1 
iodides, of -which methyl iodide is the predominant and most penetrating mOmbOre 

The Q.,&JT~ iodjdes appesr to form only a vary small prOpOrtiOn of the pri- 
msy products 3.n the emission of 3.odSne from islradiated uranium dBoxide fuel 
at about 55OOoC to 17Qo°C in COzb but $% is possible that the amounts produoed 
may be suffioient to penetrate aotlvated oharcoti when the total amount of to- 
dine relemed is such that the loading on the Rsharooal exceeds a few ~Iag i.odb6 
per gram of oharaael, 

InoexperimenJs !*zlth small quantitfes 0f in~diid0d fed, iodine s6ka86a 
at '0500 C to 1700 C end carried immedFatePy to a trappl g 

t 
system, penetrates 

the system to an extent not exoeedfng a few pert8 in 10 at low level3 of 
3.odine release (about IO"* pg/mj in th 8 ges stream) md dropping to about one 
part in 705 at 0 ncentration levels of relevano 
(about 500 &my). 

8 to SoPeous rs@otor acc4.dwnts 
The penetratFon of iodine through the system is not 

significantly increa.sed by continued passage of gas for at least 24. ho=urs after 
the iodine has been presented to the system and is independent of variati.ons 
2.~3 gas composition ranging from pure CO2 
txiimPag 5% air, 

to CO2 crontti-Ln?.lng 5@ CO and CW2 &on- 
These experiments covsr a range of iodine ioe2ings on-the 

ohamoa~ #Yom 5 x iO+&g to 2 pg/g. 

1x-1 a larger scale experiment the total ioikine load3ng on the c,S~aro~~al, was 
about ac0 pg/g and the penetration amounted to a few peroent of the $od.i~ on 
the aharcoal; that oom3ng off being Edentif3ed as a m-lxture of a&y1 Podidea, 
Tbi8 behaviour iRay have resulted from the larger quedity of alk:yl iod3des pre- 
sented to the charcoal simply because of the Ssrger amount of irrad3ated fuel 
used in the experiment. On the other hand, the oonditions of the experiment 
were such that a large proportion of the iod3.n.e released from the fue& depoalt- 
ed on vessel walls and other surfaces at temperatures up to about !&XI C; end dt 
haa been shown in other experiments that iodine desorbed &om surfaces in these 
Wnditions contains an enhanced proportion of aI.kyI. iodides, 

The extent to whioh alkyd iodides can be formed by this latter route vsil.1 
be related to the ease with which the prim&y forms, released fporn the fuel, 
deposit on the surfnoes (espeoially steel surfases) where the seoondary produo- 
tion of alkyl iodide appears to oooura Iodine released fxom irmdiated fuel 
elements into a fairly rapid flow of carbon dioxide (about 600 cm/sea, past the 
specimen), does not deposit readily on pipework and other surfaces and henoe is 
unlikely to result in the seoondary production of significant quantities of 
alkyl ioaiaes. On the other hand, slow gas flow past the heated fuel, whioh 
may enoourage the iodine-aontaining partiole emission from the tie1 element to 
grow to sizes at which it doposits out readily, or the presence of a3rFTI which 
encourages the release of readily-deposited elemental iodine vapour, may favour 
the secondary production of alkyl iodide8 after the primary forma have deposited 
on sur Pace s . 
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The need for a epeoifio trapping prooess for methyl iodide and other, 
similar, organio iodides will depend upon the limit that can be plaoed on 
the ,production of alkyl iodide8 in specifio reaotor aooidents. The develop- 
rrtont of such a process ia ourrently reoeiving attention but no really satis- 
faotoxy solution asn be speoified at present. 

Of the other fission products, none, extent the rare gases, has been 
found to penetrate the trapping system. Caesium-137 and Tellurium-132 are 
released from irrailiated uranium dioxide fuel elements virtually entirely a8 
solid aerosols, of which less than one part in 401* penetrates the absolute 
filter. Strontium-90 is also released in a partiaulato form but so little 
is released from the fuel that it is below the limit of deteotion after the 
absolute filter. 

Tho above general statement of the present position derives from experi- 
mental results that are oonsidered in more detail below, 

Fission product release from overheats fuel elements 

The forms and amounts in whioh the dangerous fission products are 
released from the me1 have been studied under oontrolled oonditione in the 
laborat0r . 
25 g, uo 3 

For pr,-otioal reaaonso the miniature fuel element (oontaining 
is heated at atmospherio pressure in a gas flow equivalent to 

ab0ut hasf the normal mass flow per unit weight of fuel in an AGR ohannel. 
(ipe. in a flow of 47,5 S/minute whioh passes over the speoimen surfaos at 
600 oxn/aeo .) . The gas oo~~osition, fuel element temperature end irradia- 
tion dose have been varieds 

If the initial fission product oontent of the fuel is oaloulated from 
the neutron dose, 
in 30 tinutcs at 

the peroentage release of the dsng8rous fission produots 
a temperature of about 4500 to 4SOO C is as given in Table 11 

The release faotors do not appear to vary systematioally with fuel burn- 
up in the range *rlbnm/te to 400 MWD/te, although there w be an effedt of 
oooling period, sines, 
0ooled 5 d.a;ys, released 

of two speoimens irradiated to about 2000 MWD/te, one0 
about iO$ of its iodine while the other, cooled 30 

Beyp~, released only about 4%. 

At lower temperatures the release of iodine is muoh sloTver,, ?Vork with 
traoe-irradiated miniature fuel elements shosrs that release begine to be 
measurable at between 1200 and 44.00°C and oontinues at the rate of a few 
perosnt per hour up to about 1550 to 4600'~ where there ia a sharp inorease 
in rate and substantial release ooours in a few minuteso This behaviour 
seem to be independent of whether air is present in the COP or not, 
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me forms in whioh iodine ie oarried in the gas atream leaving 
the fknaoe have been olaesiffed by the May Paok. In thr 8bSOnO#3 of 
ati, the, ma,joriQr of' the relaaeed iodine ie sttRohed to BOlia UerOsOlr 
ma the remainder is present as undefined vapour oompounds of iObbWr 
The presenoe of air oausos a larger fraction of the iodine to appear 
as elemental vqour snd, although the proportion attaohed to rolid 
aerosols is muoh reduoed, a signifioant proportion irr still 86 vapour 
oompounds of iodine (Table II). When the iodine 15 rele88ed from bho 
fuel in CO 00 mixtures about 9O$ of it i5 rSt8hd by the firat abro- 
lute filte ii and the remainder is over 9% in the form of vapour oom- 
pounds of iodine. Methyl iodide h8s reoently been identified in bhr 
gas at thin point, to the extent of a few pexoont of the total iodine 
present ( 8 few tentha of a peroent of the iodine released from thm 
fuel). The identity of the remaining oompounds ia not yat knownl 
they are not retained in a sodium oarbonate sorubbrr but they are 
apparently strongly held by oharooal. In air/U02, 8% of the iodine 
whioh pen&rates the absolute filter ia elemental iodine vapour and 
the remaining 2@ has not yet been examined although, q8in, it ir 
apparently strongly held on oharooal, 

The partioulats fraotion is aesooiated with the aolid partialaa 
emitted from the heated fuel elementoomponenta and graphite. These 
particles oonsiet of agglomerates of primary partioles whioh lie in 
the oiee range about O.OOj to about 0.1 mioron; the a&omerates 
themselves range in aiae from 0.01 to over i mioron diameter. The 
mesn fPequenoy sise of the primary partiolea krsnde to deorease with 
inoreaeing irradiation dose to the fuel elementa and, to a lesser 
extant, with inoreaeing temperature. E~arlsuents with unirradiated 
fuel element oomponents have shown that the mean frsquenoy sias of 
the primary pnrtioles inoreaaee almost linearly with prereure in the 
rsnge O-500 p.5.i.g. 

In the oxidising atmoapherea whioh were used for there experiment5 
and which are generally relevant to potential aooidenta in an AOR the 
released Tellurium, Caeaium and Strontium w8re aseooiatea virtua li y 
entirely with the partSoles and did not penetrate the absolute filkrr 
in ai&'&ifiOantly maaaurable 8m0Wlt6. 

At temperatures below the melting point of the stainlees eteel 
oan, partioulate emission from the fuel elaent is very muoh reduoed 
and any iodine whioh ia released tends to be in the form of elomauital 
iodine vapour and vapour iodine aompounds. As the temperature riser, 
the partioulata fkaotion inoreaaes at the expense of the other tn0 
forms, although in the preeenoe of air, even at a oonoentration of 
only 176 in COP, 
(Table III). 

elemental iodine predominates to higher temperatures 

TratMniz plant psrformanoe 

The effeotiveness of the trapping plant ageinrt iodine released 
from irradiated miniature fuel elemente ae deaoribed in the above para- 
graphs and oarried immediately in the gaa atream to the plant, is ihown 
in Table IV. 
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TABLE II 

FGRMS OF IODINE RELEASL'D AT 15OO*C TO 17OO*C FROM IRRADIATED 
STAINLESS-STEEL-CLAD UO2 IN CO2/CO AND AIR/C02 

(2" x 0.4" dia. fuel element, containing 25g UC2, heated in a gas flow of 
17.5 l/min. passing over the specimen surface at d600 cm/set.) 

Gas 

air/C02 

cop0 

co2/co 

air/C02 

cop0 

co,/co 

co,/co 

cop0 

Distribution of iodine on May Pack 
Gas-borne iodine 

concentration pg/m3 
components 

I 
Copper Millipore Charcoal Charcoal 

paper granules 

before filter 
after 1, 

- 
before ” 
after II 

before " 
after II 

before ” 
after II 

before " 
after II 

before ” 
after II 

before ” 
after ,, 

before " 
after II 

dO.001 83.5 8 8.5 - 
not measured 1 

Lli.1 I 56 I 50 I 
NO.5 8 65 I-- ~~ -7 I 20 I 
NOo.05 LO.1 

rd.5 GO 30 9.5 o*5 
*do.2 80 2 16.5 1.5 

,*I I G.5 1 0.5 1 42 1 53 1 I /I I 

196 9*5 
N20 I I 1.0 
980 12 

.-JlOO I I 490.5 
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The ovtwall penetration of iodine through the system is measured by 
three methods, from dich the highest result obtained is given in Table IV. 
The Mey Paok analysis on an aliquot of the gas atream is backed up by snalysis 
of a deep charooal bed which takes the full flow of gas through the system and 
an independent cheek is provided by direct gamma-spectrometry of a sample of 
the residual gas obttined after ohemioally absorbing oarbon monoxide and 
osrbon dioxide. The last method allows a limit to be plaoed on the amount 
of iodine whioh oould be present in a form not held on oharooal a& henoe not 
deteoted by the other two methods. In almost every case the May Paak 
analysis gave the highest results and duplioate May Psoks agreed to well 
within a faotor of 2. 

The measured penetrations deoreaae with inore;d.ng amounts of iodine 
released fiorn the fuel; from a few parts in 104 at about IO-3 w to less 
than one part in 105 at about 1 mg, This is also illustrated in Fig. 5 in 

whioh the linearity of the slope suggests that, under the conditions of these 
experiments, a more or less oonstant, small amount of fodine is being proawed 
in a form which will penetrate the trapping system. If the reoent measure- 
ment of the proportion of methyl iodide in the release is held to b represe- 
ntative of the whole seriee of experlmenta, the amount of methyl i 

-2 
aide prese- 

nted to the charcoal inoreases in these experiments from about 10 w to 
about 2.5 pg. Penetration of 10 to Z@ of the assumed methyl iodide oompo- 
nent 0~1d account for the observed penetrations in the sub-miorogram emmisions, 
but it is then difficult to explain why muoh larger amounts of methyl iodide 
are more ef'f'ioieni;ly retained in the later experiments. However, it may be 
that the amount of iodine present in other forms oan influenoe the behaviour 
of the methyl iodide. 

The fraotion penetrating the system at the lower conoentrations was 
reduced by a factor of between 5 and IO by inoreasing the depth of ahaxooal 
from b" to 12". 

The highest additional penetration observed in this series of experiments 
when various olean ges mixtures of CO , CO and air were passed through the 
oharooal bed (at 100 0) for up to 30 gours after the presentation of iodine, 
was less than 1 part in 104 of that presented to the system. 

At very 10;~ iodine conoentrations in the gas (less than 10e3 &n3) 
inoonsistent behaviour ocoura and some very high penetrations (up to I@) have 
been observed. Those are not reproducible, however, and are believed to 
result from reaction of iodine with traoe impurities over which the experimenter 
has no diroat control. It is possible that a high proportion of the total 
iodine is converted to methyl iodide on the oocasions when very high penetra- 
tiana OOour~ 

None of the other haoardous fission products oould be deteoted in sfgni- 
ficant amounts downstream of the first absolute filter, in these experimen s. 
The measured penetrations of Tellurium-132 do not exoeed a few parts in 10 5 
of that presented to the system and the vast majority of the released Tellurium 
is trapped on tho absolute filter. 

Few measurements have so far been made of Caesium-137 and Strontium-w 
pe etrations. 

f: 
These showed a Caeeium437 penetration of only a few parts in 

IO vr5.th virtually complete retention on the first absolJ.te filter, whether in 
CO/CO or in air/CO . 
(-O.Ol$) that mea&r 

The Strontium+0 release f'ron fuel was so small 
cments of its ooncentration in the gas dmmrn do not have 

a very high level of reliabili@. After the absolute filter the ooncentrations 
were below the limit of deteotion, whioh sets an upper limit to the penetration 
of about I$ 
initially}. 

of that presented to the system (1 part in 104 of that in the fuel 
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In the larger-sasle highly active test, a Irmcb greater qu~urtity of 
iod.ine was presented to a trapping system of the same siee RS thnt used 
in the laboratory-soale experiments, giving an iodine loading of about 
4Q PC& oharood.. 

The iodigo was relectsed from irradiuted fuel elements by ho&in{: them 
to about 2000 C inside a graphite oruoibla, supported within a steel pressure 
vessel whioh oontained a CO 

if 
CO mixture at 400 p,s.i.g. The walls of the 

pre~suro veseel and the bul of the gas inside it were maintained at about 
400 c. Fission produots released from the fuel elements were passed to 
the trapping system either a) direotly, to simulate pressure oirouit blow- 
down, or b) via. a oontainment volume, holding some air, to simulate pressure 
oirouit rupture followed by reoiroulation. The results showed first, that 
an unexpectedly high proportion (over 9C$) of the released iodine was re- 
tained within the pressure vessel OS on oonneoting pipework and seoondly, 
that, of the amount whioh reaohed the oharooel bed, a signifloent fraotion 
penetrated it within a few hours of reoiroulstion. 

'J'he penetration in the brief blow-down phase amounted to about I part 
in 102 of the iodine initially present in the fuel and about 50 times this 
amount penetrated the system in the first hour of reoiroulation during whioh 
gas oontinuod to pass over the heated fuel. Fuel heating was then stopped 
and no more gas wae paesed through the pressure vessel but gas oontinuod 
to be reoirculated between the oontajnment volume snd the trappZng system 
for another 20 hours. During this time iodine oontinued to arrive at the 
oharooal bed, presumably by desorption from the wall8 of the olrouit, until 
it findly reaohed 57: of the amount originally present in tho fuel. In the 
first dl+ hours of this reoiroulation the penetration amounted to 0.35% of 
the iodine ur3. 

P 
ally present in the fuel snd the las? six hours oontributed 

a further 0.0-/o. A sample of the iodine leaving the bed was identified by 
gas ohromatography as a mixture of organio iodidee, oontaining a predominanoe 
of methyl iodide together with ethyl iodide and higher alkyl iodideso 

It ie believed that oonditions within the preasure vessel enoouraged 
the growth of oonsiderably larger partioles than are formed in the laboratory 
experiments and that these then settled out on surfaoea in the pressure vessel 
osrryinf: muoh of the iodine with them,whioh would aooount for the retention 
of much of the iodine in the pressure vessel0 However, two explanations 
are possible for the high penetration of the trapping system by the iodine 
that ws.8 not retained in the pressure vessel. The first is that, if the 
release is assumed to oontain the same proportion of methyl iodide as that 
observed in a reoent laboratory experiment, the amount of methvl iodide 
presented to the oharooal bed would have been about 50 )"g, and this may 
have been suffioient to oause broslcthrough. The eeoond possibility Is 
that reaotions taking plaoe between the iodine deposited on surfaoes and 
organio impurities present in the gas or on the surfaoes, may have resulted 
in the oonvereion of a muoh larger fraotion of the fodine to organio iodidea, 
part of whioh, subsequently pen&rated the oharoosl bed. 

Both explanations suggest that in oertain oontlitions of reaotor aooi- 
dents, suffioient methyl iodide w similar organio iodide6 may be formed to 
result in penetration of the instelled ohercoal be&e. It may therefore 
prove neoessery Co develop alternative tragping plant, aapable of retaining 
alkyl iodides. 

peposition behaviour of iodine released from irr@&@d fuel elements 

After the release of iodine from the fuel elements its retention by 
deposition within the reaotor oore and oontainment oould provide a meohanism 
by whioh the amount available to leek to atmosphere is reduoed. 
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On the other hsnd, as we have seen in the highly active test , its deposition 
on surfaoes could result in the produotion of a high proportion of the pene- 
trating alkyl iodides. 

Mensurements have been made of the rate of deposition of hodine released 
from irradiated miniature fuel elements heated at 1500 to 1700 C in a fairly 
rapid flow of 9%: CO $ CO, both in a lcng cold mild steel pipe with many 
bends, and on to 001 flat speoimens of mild steel, stainless steel, graphite 
and concrete. The measured velocity of deposition on to the cold flat 
surfaces at a gas velocity of ~100 os&.in. was in the order of IO-3 on/sea., 
while on graphite maintsined at 4DO°C ( a tubular spsoimen with the gas 
passjllg through it) the deposition velooity was a factor of 10 higher. 
about 3: of the total gas-borne iodine deposited on 33 feet of cold mild 

Only 

stool pipe at a gas velooity in the pipe of ~70 ctF/seo., whioh again oorrew 
ponds to an overall deposition velooity in the order of IO-3 om/seo. 

These measurements are oonsistont with the absence from the release of 
elemental iodine vapour, whioh would have been expected to have a deposition 
velooity in these conditions at least two orders of magnitude higher, and 
with the predominanoe of iodine in the forms of (a) partiole agglomerates 
with a mean frequenoy sise of about 0.05 miorons and (b) relatively unreactive 
V&pour compounds. They are not, howover, consistent with the high retention 
of S.clc:.-ine in the pressure vessel in the high1.y aotive test. It ia oonsidered 
that the higher pressure in this experiment, the higher concentration of 
vapourised fuel element material and the virtually static gas surrounding the 
heated fuel elements must inevitably have resulted in the produotion of muoh 
larger particles than have been observed in the laboratory-soale experiments. 
Suoh pcrtioles RTQ liltely to have settled out in the pressure vessel, camybg 
much of the released iodine with them to the walls. 

Tho deposition behaviour to be expected 9.n a reactor accident cannot yet 
be predicted. In the case of a blocked channel accident it seems likely that 
behaviour similar to that observed in the hi&y aotive test would ooour, 
with much of the iodine being retained within the channel; but of that whioh 
escaped, an appreciable proportion might be in the form of penetrating; allcyl 
iodides. In the ease of a pressure oircuit rupture, much would depend on the 
gas flow that oould be mnintained through the oore and the temperature reached 
by the tie1 elements. 

$xnerien_c_e &j&&&no fienerateq artif%ially 

Work vdtil irradiated fuel elements is slow and difficult and osn only 
be done on a large sosle at great expense. It is therefore very desirable 
to be able to simulate the behaviour of iodine released from fuel by artifioial 
methods of generation. A technique used at Windsoale is to deposit oarrier- 
free iodine-131 (or with a known amount of stable iodine) inside a short length 
of stainless steel fuel can, to add unirradiated UO2 pellets and then Co re- 
seal the mn. The can is then heated in the same way as an irradiated 
speoimon and iodine is released when the can melts. 

When the specimen is heated in a rapid flo~v of CO in glass apparatus, 
the distribution of iodine forms and the peneizration o? iodine through the 
trapping system are both closely similar to those obtained from irradiated 
fuel in simil,sr conditions, although there is not a pronounced differenoe in 
penetration over a wide range of concentrations. In the presence of air the 
distribution is qualitatively similar to that obtained from irradiated fuel, 
but the proportion of elemental iodine vapour is rather higher and that of 
particulate iodine rather lower (Table V). 
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The identity of the iodine compounds whioh penetrate to the charooal 
oomponents of the hlsy Paok is not known at present, but they have recently 
been shown in one experiment to contain s0me alkyl iOdide3. 

In vielv of the assoointion of a relatively high penetration of the 
trapping system in the highly active test with the presence of a relatively 
high concentration of alkyl i~dides, it is of interest to discover under 
what conditions the production of ale1 iodid.es from other form5 of iodine 
oan be enhanced. 

Eggleton and Atkins at m (3) were the first to identify dkyl 
iodides in various iodine emissions used for testing trapping system5 and 
showed that it is formed in small amount6 when milligram quantities of iodine 
tuystalo are dispersed in very large volumas of air; when oarrier-free 
NaI934 is oxidfsed in airi 
eon irrdiated uranium wire 

and when fiss$on proauot iodine-13-i is released 
at about 800 C in air. 

We have found a variety of conditions in whioh up to 10 -3 pg to loa2 pg 
iodine oan be produced in the form of alkyl iodides. These inolude 

4 iodine deposited f‘rom C3 solution on ultra-clean glass-w "F heated in argon or heliug at tomperaturos in the range 100 
t) atla 
C to 

4ooOc. 

b) iodine aepooitea from aqueous sodium iodide solution on ultra-dean 
glasswpe and heated in argon or helium nt temperatures from 200°C 
to 400 c. 

0) iodine deponitea from CS solution or from aqueous sodium iodide 
solution on stainless SC 2 el surfaoea end heated in inert gas, air 
or carbon dioxide/oarbon monoxide atmospheres at temperatures from 
WOOC to ~1300°C. 

a> iodine attached to partioles relgased f.Yom unirradiated fuel 
element components at about 1800 C, oaptured on a ste.i.nles5 steel 
sinter and subooquontly deoorbed from this surface in air or argon 
at about 5OO'C. 

In eaah of these oases, when the runount of iodine adaed was in the order 
of IO-3 to 10m2 pg , or less, 5C$ or more of the iodine was found in the form 
of alkyl iodiaes (d-defly methyl iodide) but when amounts of stable iodine 
equal to IOpg or more were added the proportion present as alkyl iodides was 
so small that it oould no longer be detooted. 

The readiness with which methyl iodide is formed at very low iodine 
concentrations makes it tempting to asoribe the unreproduoible high pene- 
trations, which have been observed at these lovels, to its prc:seqoe. 
However, as painted out earlier in this paper, it is difficult to reoonoile 
thl5 idea with the detection of much greater amounts of methyl iodide in the 
gas presented to the oharcoal bed in a reoent experiment in whioh no measur- 
able penetration was detootad, unless the retention of small amounts of methyl 
iodide on charcoal is dependent upon the presenoe of a suffioient quantity 
of other, more easily retain&l, forms of iodine. So far no method has been 
found of producing percentage quantities of alkyl iodide3 artifioially in an 
emission anywhere near as oonoentrated as that which emerged from the pressure 
veosel in the highly aotive test (several hundred pg/rn3 in the gas). 
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Whatever tho source, however, it a90ms likely that sufficient alkyl iodides 
were produce& in the highly aotive test to cause penetration of the 4" deep 
charooel bed.. Sinoe their prorluction to a similar degree in reaotor 
acoidenta cannot be exoluded, it is prudent to develop an improved ninthad 
of trapping them. 

s* iodide tra* 

Methyl iodide is produced in muoh larger quantities than any other 
allSy1 iodide and is likely to he the most intractable. Experiments are 
therefore being oerried out with iodine-IJI-labelled methyl iorlide to f'intl 
a suitable trapping method for reaotor applioetion. 

It has been 11lustrated that, ilnder the same gas flow conditions as 
ueed in the fission product trappulg experinr;:z~~.s, milligram quantities of 
methyl iod;idc penetrate a 4 
a matter of minutes when 

* deep by I" cJismeter bed of SCXI charooal in 
thg bed is at 100 C and in about one and a half 

hours when the bed is at 20 C. Further experiments are in hand to discover 
whother retention occurs at some lovrer level of methyl iodide loading. 

The search for alternative methods of methyl iodide trapping is at 
present based on a) methods involving o&l&ion b) methods involving 
hydrolysis o) methods involving specifio reaotions in organio media* 
Only methods in oategosy a) have so far received aignifioent attention. 

It hes been found that the oommeroial preparation HOPCALTTE (basically 
MnO +CuO) at 100°C appears to ,?eta.in about 9% of the methyl iodide presented 
to ?t in lOo$ co 

6' 
Most of the iodine which penetrates the HOPCALI~ is 

Fn the form of m leoular iodine and is retained on SC11 charooal at room 
temperature. About 99,s of the methyl iodide was retained by the two beds 
in series. 

In the presenoe of carbon monoxide, however, the HOPCALI!l'R'S effioiency 
is reduced. end only about 5C$ of the methyl iodide is retajxled during a few 
hour's passage of 5% CO/CO . The methyl iodide whiah is not adsorbed on 
HOPCALITE is unchanged ohe&.oelly and is only retained for an hour or so 
on the oharcoal bed. The presence of osrbon monoxide is almost inevitable 
in any accident to an AGR so that these observations are not encouraging, 

The use of a silver-coated oopper knitmesh bed at JOO'C in CO2 had no 
effeot on the behaviour of methyl iodide. 

5@ retention of about 100 mg. metQy1 iodide has been found on passage 
through SCII charcoal held at about 200 C. This suggests that oxidation 
ban occur at some sites on oheroc>el and lends hope that a oharcoal of higher 
ignition t;empernkre may be even more effective above 2OO'C. It also raises 
the possibility that rather higher penetrations of amell amounts of methyl 
iodide might be observed through a charooal bed maintained at room temperature 
then through one allowed to operate at 100°C, as in the experiments described 
in this paper. 

CONC3LKtONS 
The present form of fission product trapping plant, consisting of a 

combination of absolute filters and a bod of aotivated charcoal., provides 
adequate proteotion against the escape of dangerous fission products from 
the Advanced Gas-Cooled Reactor, with the possible exception of iodi.n!?-931 
in the form of alkyl iodides. 
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Pending f'urther eluaidation of the mechanism and extent of formation 
of alkyl iodidea end of conditions which may enhance their production, it 
is prudent to develop a specifia method of trapping them. 

1. A. C. C&M.URLAIN, Physiaal ahemistry of iodine and removal of 
iodine from gas streama - AERE R4286 (1963). 

2. &xi.-annual progress reports or& Nuolesr Safety Prograrmae, for 
period ending June, 30th 1962 (ORNL-3319) and for period ending 
Deoember 31st 1962 (OFiNl~34.01). 

3. A. B. J. ~UTON, and ATKIJW, D. H. (A.E.R.E.) Identifioation 
of radio-iodine compound8 formed on releaeing oarrier-free I-131 
in air. Paper given at 1963 Annual Meeting of Ameriaan Nualear 
Society at Salt I&e City . (ala0 dSE~-Ml211). 

DISCUSSIUN AND CWlUENT 

Ue have thought about decomposing the methyl iodide with high 
temperature and one of the first experiments tried was to pass the methyl 
Iodide through a heated bed of alumina, about 400" C. to give an extended 
surface for the reaction to occur. Although some decomposition occurred, 
it only gave a factor of about five. We are looking at oxidative catalysts 
which are showing much more promise, and one of these, if I can just en- 
large on this point now, is hopcalite, with which you are probably familiar 
and it does seem to be particularly effective in decomposing methyl iodide. 
From our point of view one snag is that the presence of carbon monoxide, 
which is almost inevitable in any graphite moderated reactor, seems to 
interfera. We have some evidence this can be overcome provided the carbon 
monoxide is first reduced to a very low percentage, and then enough air 
is added to the gas to the equivalent of the carbon monoxide, so that the 
hopcalite is not used up, and is therefore free to continue to decompose 
methyl iodide. But these rasults are still preliminary, and we do not 
regard this as the most attractive system. 

At the Salt Lake City American Nuclear Society Conference earlier 
this year, a Harwell Colleague, Dr. Kggleton, described the manner in which 
he discovered that the iodine was in the form of methyl iodide. We ex- 
tended the use of the method to analyze the gas obtained from the release 
of fisaion products from irradiated uranium dioxide, and we found the same 
peaks. In fact, we sent a sample of our gas to him and he confirmed our 
result by his method; we were happy that these cross-checks confirmed that 
the material is in fact methyl iodide. But, it is only a small consti- 
tuent of the total iodine release. There are more major constituents of 
the release which are not elemental and which are not particulate, and 
which we have not yet identified. It is very important that we should have 
information on these,particularly if we wish to design on a rational baeie 
trapping systems which do not depend upon activated charcoal. The only 
reason I have not enlarged upon this form of iodine is that activated 
charcoal does seem to be very effective in stopping it. But activated 

charcoal beds may not he the most appropriate form of reactor trap in 
every reactor system, and we would like to know all the iodine compounds 
with which we have to deal. 

Session Chairman! Thank you, Nr. Collins. 

Our next paper was prepared by Robert E. Boise, of the 
National Lead Company of Ohio, and is titled, "Exhausting Corrosive 
Fumes with quick Draft Eductors." 
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BXHAUSTINC3 CORROSIVE FUMES WITH 

QUICKDRAFT SDUCTORS 

1. 

2. 

Robert B. BOies 

National Lead Company of Ohio 
Cincinnati, Ohio 

ABSTRACT 

The uses of Quickdraft eductors in handling and diffusing 

various types of corrosive fumes are described. A number 

of specific applications are discussed and illustrated. 

INTRODUCTION 

In the processing of uranium compounds to metal and the 

fabrication of uranium metal to fuel cores, many noxious 

and corrosive fumes are evolved. The Laboratory, Pilot 

Plant, and production areas, all generate these fumes, 

which include nitric, perchloric, hydrochloric, and hydro- 

fluoric acid vapors; nitrous and nitric oxide; sulfur dioxider 

and ammonium chloride fumes. The fumes are passed through 

electrostatic precipitators, dust collectors, scrubbers, and 

other devices to render them harmless before release to the 

atmosphere. 
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Air eductors have many advantages over conventional exhaust 

fans in handling such corrosive fumes. These advantages 

will be described, 

3. PESCRIPTION OF EQUIPMENT 

The eductors used at the National Lead company of Ohio for 

corrosive service are manufactured by the Quickdraft Cor- 

poration of canton, Ohio,. This eductor is a unique, patented 

type, operating on a modification of the venturi principle. 

Air is introduced by a blower into the eductor through a 

slotted annulua. This can be seen in the cutaway drawing, 

Figure 1, This slotted annulus is the prinuiple characteristic 

by which this unit differs from a regular venturi using a 

jet or nozzle for its motive force. The principal parts of 

the eductor aret 

1. The eductor body, which is designed for the air flow 

needed. 

2. The eductor extension, which increases the efficiency 

of the eductor. 

3. The plenum, which acta ae a distributor for the blower 

air to the annular slot. 

4. !Phe annular slot, through which air is discharged 

around the periphery of the eductor. 

5. The blast gate, which controls the air flow from the 

blower. 

QuicfCdraft eductors are available in a variety of sizes, 

with volumes ranging from 100 cubic feet per minute to 
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90,000 cubic feet per minute and static pressures from 0.02 

inches of water to 140 inches of water. Figure 2 is a graph 

showing the performance of a standard 6-inch-diameter Quick- 

draft eductor at various blower horsepower. As can be seen, 

a wide selection of volumes and static pressures axe avail- 

able. By installing a blast gate at the blower outlet any 

desired combination of pressure and volume on a given horse- 

power curve may be attained. Models are available in black 

iron, vitreous enameled steel, stainless steel, hastelloy, 

fiberglass- or dynel-reinforced polyester or epoxy resins, 

and unplasticized polyvinyl chloride, or other plastic 

coatings designed for use in hot and corrosive atmospheres. 

4. PRINCIPLE OF OPERATION 

1. The annular method of discharging the blower air into 

the eductor causes a velocity pattern different from 

that in a normal venturi (see Figure 3). In the Quick- 

draft eductor, air velocity is greater at the outer 

periphery than at the center of the unit, just the 

opposite of the velocity pattern in a regular venturi. 

TWO significant gains are realized from this phenomenonr 

(1) corrosive fumes are kept essentially in the center 

of the exhaust system, away from possible condensation 

and corrosion on the walls: and (2) in material handling 

operations, the amount of abrasion is greatly reduced. 

This action can be demonstrated simply by holding a 

string at the intake of one of these units and watching 

it progress from intake to outlet. This is shown in 

Figure 4, a clear plastic model of an eductor unit. 
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FIGURE 4 Plastic Operating Model of Quickdraft Unit; Yarn Shows Path of Intake Air 
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5. 

we have not yet had an opportunity to use the Quickdraft 

eductors in material handling applications at this site. 

However, I have seen these units in use at several paper 

mills, an aluminum sheet manufacturer, and a mylar thread 

manufacturer. In all of these installations, the principle 

of the material being transported in the center of the 

air stream is employed to great advantage. 

GENERAL USAGE 

One of the greatest problems in a chemical plant is disposal 

of fumes. Dilution into the atmosphere is usually the most 

economical method. The Quickdraft unit is particularly 

adapted to such fume dispersion. Heavy white ammonium 

chloride and nitrous oxide fumes emanating from a chemical 

operation in our plant have been almost completely dispersed 

by use of a Quickdraft unit as an exhauster. Thus plume 

effect from an exhaust duct is either eliminated or greatly 

reduced. The unit has an added advantage in that it atomize6 

large liquid particles in the gas stream, thereby speeding 

their vaporization into the atmosphere. 

The ratio of air intake at the eductor to air intake at the 

blower is q~&te high at lower static pressures. At eductor 

intake pressures of 0.02 inches to 2.5 inches of water, the 

ratio is approximately 4 to lr at 10 inches to 15 inches of 

water, the efficiency of the unit drops to around a 1 to 3 

ratio. This drop in efficiency, which means an increase 

in the relative amount of blower air in the unit's exhaust, 

is put to good advantage in the dilution and dispersion of 

exhaust fumes, especially ammonium chloride and hydrogen. 

Cooling of hot exhaust gases is yet another advantage. 
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6. APPLICATIONS AT THE NATIONAL LEAD COMPANY OF OHIO 

Described and illustrated on the following pages are a few 

of the installations of these eductors at our plant. 

In one interesting application a Quickdraft unit is used 

to exhaust a hydrogen-rich atmosphere. In this particular 

installation, an emergency source of power for the eductor 

is required for safety. This emergency supply is provided 

by 150 psi steam connected into the eductor plenum (see 

Figures 5 and 6). 

These eductors are also used at this site to exhaust 

laboratory fumes. Perchloric acid fumes, which are parti- 

cularly difficult to handle, are exhausted by Quickdraft 

aductors (see Figure 7). 

In Figure 8, is shown an application of a Quickdraft unit 

in a forced-air furnace exhaust through a scrubber, A 

problem was encountered in this application, in that ammonium 

chloride was being carried over from the furnace through the 

caustic scrubber. This material flash-dried in the eductor 

until the throat was completely plugged. By introducing a 

warm water spray into the driven air stream (see Figure 9) 

this buildup was eliminated. 

The solution of the above problem also provided us with a 

possible means of mixing and atomizing a liquid or solid 

into a gas stream for production blending purposes. 

In Figures 10 and 11 are shown Quickdraft units which are 

dissipating the hot exhausts from three corrosive scrubbers, 

two of which exhaust streams include HF fumes. 
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FIGURE 9 Close Up of Eductor Showing Warm Water Valve at Blower Discharge 
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FIGURE 10 Corrosive Scrubber Exhausts 
Resin Quickdraft Eductors and Ductwork 

Using Dyne1 -Reinforced Polyester 
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FIGURE 11 Corrosive Scrubber Exhaust Using Fiberglass - Reinforced Polyester 

Resin Quickdraft Eductor and Ductwork 
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Prior to the installation of the Quickdraft units, these 

scrubbers were exhausted by centrifugal blowers with plastic 

wheels. These wheels required replacement approximately 

every three weeks. The Quickdraft units have eliminated 

the cost of replacing these units as well as expensive 

downtime. To resist the very corrosive DF, the units are 

constructed of Duverre 22 polyester resin reinforced with 

dyne1 cloth. 

Figure 12 shows a small Quickdraft eductor venting a zir- 

conium decladding tank. This unit has outlasted three 

blowers in this installation, 

The final application of these units to be discussed is 

shown in Figure 13. In this application the eductor is 

being used to exhaust corrosive fumes from Eimco filters. 

The units are fabricated fiberglass-reinforced polyester 

resin. The sharp elbow in the duct immediately below the 

Quickdraft unit is not recommended practice, but it does 

permit the use of the eductor in close quarters. 

7. CONCLUSIONS 

I have attempted to point out in this paper the numerous 

advantages of this unit as a ventilation source with special 

emphasis on its usage in handling corrosive and noxious fumes 

where all moving parts of the air mover must be kept out of 

the corrosive stream. The Quickdraft eductor is not a replace- 

ment for exhaust fans and blowers but, rather, is a valuable 

new tool to be used by air pollution and environmental control 
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FIGURE 13 Eimo Filter Exhaust Fiberglass -Reinforced Polyester Resin 
Quickdraft Eductor and Duct 

-143- 

- 1.1.. -‘--. 



engineers in certain problems which were heretofore difficult 

to solve. 

DISClJSSI0N AND COiYTXNT __ .-..__.- -.- -.-..-._. - _ 

The units run somewhat higher than 60% efficiency due to the 
manner in which the air is inducted. However, the efficiency drops off 
terrifically as higher statics are approached. 

The proper way to evaluate may be to determine the mechanical 
efficiency of the power put into the system in the primary blower, and the 
power out in terms of the amount of air flow and the static. No figures 
were given on true mechanical efficiency but it was revealed that this 
would vary accordingly to the particular unit installed. It was estimated 
that the efficiency would be somewhere about or slightly below a regular 
blower. 

The life of #304 stainless steel with perchloric acid was ex- 
tended about three times, Nitric acid showed practically no attack. PVC, 
unplasticized, will be used from now on. 

The units at lower static pressures using a quarter to one-half 
inch static are being purchased economically at approximately or slightly 
less than the price of a regular blower. The favorable purchase price was 
explained by the employment of a direct drive, high rpm unit. 

Session Chainnan; The next paper is “Final Results of Economic 
Survey of Air Cleaning Equipment Used at AEC Contractor SiterP.” Dr. M. W. First, 
Associate Professor of Industrial. Hygiene at the Harvard Air CI.eaning Laboratory, 
will present the paper. 
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FINAL REPORT OF ECONOMIC SURVEY OR AIR AND UAS 
CLEANING OPERATIONS WITHIN THE AEC 

M. W. First 

and 

L. Silverman 

Harvard University School of Public Health 

INTRODUCTION 

The Harvard Air Cleaning Laboratory has been conducting an 
economic survey of AEC air cleaning costs over a period of several 
years. Reports on the progress of this survey have heen prcsent- 
ed at past AEC Air Cleaning Conferences and they are available in 
the volumes of published proceedings (1,2,x). The economic survey 
has been completed and all of the data and results will become 
available soon as a numbered Harvard Air Cleaning Laboratory AEC 
Report is prepared, 

The cost of owning and operating air cleaning equipment is 
a matter of interest and concern to all users and especially to 
organizations such as the AEC that handle exceedingly toxic 
materials that must be carefully and closely controlled regard- 
less of cost because of the serious threat to life that would 
otherwise exist. Even in situations where health considerations 
take precedence over costs, it makes good sense to provide the 
needed protection at the least possible expense. It has been 
suggested by experienced engineers (4) that the development of 
power reactors in the U. S. is being seriously retarded by the 
cost of excessive safety provisions and that certain minimal risks 
should be accepted in the interest of low cost nuclear power pro- 
duction. Air cleaning is only one factor in the overall safety 
program, and perhaps a minor one with many types of reactors, but 
this type of thinking points up the necessity for a rigorous 
examination of costs as they relate to air cleaning effectiveness, 
regardless of how one responds to the idea of relaxing existing 
safety standards, 

The exact purchase price of specific air cleaning devices 
is readily determined by consulting the manufacturer but the costs 
of erection plus the purchase of associated equipment such as 
ducts, stack, blower, water pumps, etc. often represent a far 
greater cost than the purchase price of the air cleaner. A rule 
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of thumb that has been suggested is that the installation cost 
will not exceed two and one half times the purchase price of the 
air cleaner; but of course this is quite variable and often it is 
desirable to analyze the individual cost components, 

Even less information is available on operational costs than 
on purchase and installation costs, One reason for this may be 
the great variations in operating conditions which exist from 
industry to industry and from plant to plant within the same 
industry, Undoubtedly, nonuniformity in accounting practices is 
responsible for some apparent differences in what would seem to be 
closely similar operations, 

In spite of efforts to collect accurate and up-to-date cost 
Information, it must be emphasized that the data represent broad 
averages and that significant deviations may be anticipated when 
out-of-the-ordinary requirements must be satisfied or when instal- 
lation and servicing present special difficulties by reason of 
difficult terrain or unusual toxicity, When conditions do not 
deviate markedly from the norm, we believe the figures given here 
will provide a basis for performing planning functions and pre- 
paring budgetary estimates for a wide range of air and gas cleaning 
applications. 

At the last conference (3) survey results on the cost of 
installing and operating AEC absolute filters and dry fibrous 
pref'ilters were reviewed. At this time, some of the data pertain- 
ing to (a) cleanable industrial fabric filters, (b) electrostatic 
;;;yigt;;~~Gik~h dry mechanical dust collectors, and (d) scrubbers 

. In the interests of brevity, the general 
methods of analysis that were discussed in the previous published 
progress reports to which I have already referred, will not be 
repeated. 

CLEANABLE INDUSTRIAL FABRIC DUST FILTERS 

Industrial fabric filters differ principally in the aleaning 
methods used to remove the accumulated dust cake and restore the 
permeability of the fabric. In the older of the two basic methods, 
the dust-laden filter is isolated from the air stream and cleaned 
by shaking, vibrating and/or reversing air flow through the fabric, 
In the other method, small fractions of the dirty fabric are 
cleaned continuously (while filtration proceeds) with the aid of a 
traveling jet of high velocity reverse flow air. Details of these 
cleaning methods have been published elsewhere(s). 

In Table I are shown acquisition and operating costs for 90 
cleanable fabric filters in service at AEC installations; 82 
reverse jet cleaned filters and 8 shaken-bag units. The filter 
units are also grouped with respect to the size of the installation, 
i.e., cubic feet per minute of air flow capacity, From the Table, 
it may be seen that on the average the cloth-to-air ratio (cfm per 
f%. ft. of fabric) increases with increasing size of installation 
for both types of collectors. The reasons why this should be so 
are not known with certainty. The fact that acquisition and 
operating costs tend to decrease rather sharply with increasing 
size of installation suggests that small units are not only more 
expensive per unit of capacity (this was found to be the case for 
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AEC filters and prefilters, also) but in addition, that small 
installations tend to be associated with out-of-the-ordinary and 
difficult applications (such as vacuum cleaning, incinerator 
effluent cleaning, etc.) that produce abnormally high dust load- 
ings or dust deposits with high air flow resistance, From this 
it may be concluded that small size, high dust loadings, difficult 
operating conditions, low air-to-cloth ratios, and high costs tend 
to occur together. Most of the fabric filter installations that 
have been reported are located in plants processing uranium ores. 
For many units, filter bags are removed each 3-6 months and incin- 
erated to recover the metal accumulated in the fabric. This 
practice has a profound influence on total operating costs and 
largely accounts for the abnormally high costs of the reverse jet 
collectors in the 10,000 - 20,000 cfm size class. The most costly 
of the 90 cleanable fabric filters recorded in Table I occur in 
this group. 

The number of shaken bag units reported (eight) is far fewer 
than for the reverse jet type and averages are not as meaningful. 
For the 1,000 - 5,000 cfm size group, the total costs of shaken 
bag units are about half those of reverse-jet filters whereas for 
the 5,000 - 10,000 cfm size group the cost relationship is 
reversed, It seems probable that these differences reflect 
special use conditions rather than an inherent cost differential 
between the types. A recent study (6) indicates that annual unit 
costs are closely similar when all types of fabric filters are 
employed on more usual industrial applications. It is evident 
from Table I that reverse jet cleaned fabric filters have average 
air-to-cloth ratios that are 2s times those of shaken bag units. 

For both types of fabric filters, maintenance and repairs 
account for over 5076 of the annual unit costs, except for units 
in excess of 20,000 cfm capacity. Again, this reflects special 
AEC applications of a difficult nature, 

LOW-VOLTAGE TWO-STAGE ELECTROSTATIC PRECIPITATORS 

Two-stage electrostatic precipitators are used both for 
supply and exhaust air cleaning applications at AEC sites. 
Supply air cleaning is, by far, the more common use for this type 
of unit. In Table II, costs are analyzed by the nature of the 
application and it is evident that unit costs are much higher for 
treating exhaust air. Whereas the two-stage precipitator usually 
performs well with low loadings of fine dust customarily encoun- 
tered in outside and recirculated indoor air, it is not constructed 
to handle high dust loadings, moist or corrosive atmospheres, 
abnormal temperatures, or any of the other unfavorable conditions 
commonly encountered with effluent process air and gas streams. 
That a two-stage precipitator is a misapplication for an exhaust 
air stream is revealed by high total costs as well as by the 
high percentage of these costs (> 90%) that goes into maintenance 
and repairs. 

The supply air precipitators show a normal decrease in unit 
operating costs with increasing size and maintenance; and repairs 
account for 25% or less of the total cost. 

-148- 



I 

I 

I 

I 

I 

I 

0 



DRY MECHANICAL DUST COLLECTORS 

costs were reported for ten dry mechanical dust collectors 
ranging in type from a simple gravity settling chamber to a small 
diameter multi-cyclone installation, Unit size ranged from 
SOO-8,000 cfm. Cost data for each installation are shown in Table 
III as there are not enough representatives of each type and size 
to make average cost figures meaningful. 

In general, overall annual unit cost is high when "mainten- 
ance and repairs" represents a large percentage of total cost. 
When total cost is low, power costs represent a sizeable fraction 
of the total annual cost. With the exception of the gravity 
settling chamber, this class of dust collectors has an air flow 
resistance in the range of 3-6 in. w.g. and when there are no 
unusual maintenance costs (because of erosion, corrosion, or 
special difficulties associated with the disposal of the collected 
d~ust), power tends to be a major fraction of the total cost, 

It is, perhaps, somewhat surprising to learn that operating 
costs for simple mechanical dry dust collectors may, under unusual- 
ly severe operating conditions, exceed $500.00 per 1,000 cfm of 
capacity 

$ 
er year. For normal operating conditions, annual costs 

of under 200.00 per 1,000 cfm of capacity per year are customary 
in conventional industrial plants and some of the AEC installations 
shown in Table III are within this cost figure. 

&T DUST COLLECTORS 

Cost data for four type "N" Rotoclones are shown in Table IV. 
Three have closely similar total annual unit costs; for the fourth, 
costs are approximately 30076 greater. "Maintenance and repairs" 
represents 82% of the total for this latter unit and it may be 
assumed that unusually severe operating conditions make it 
necessary to give this collector constant servicings. "Maintenance 
and repairs" for the two Rotoclones handling exhaust air from a 
machine shop and foundry (a usual industrial application for these 
units) is only 5% of the total whereas power is 2/3 of the total 
cost, indicating a more normal "maintenance and repairs" situation 
for these dust collectors. 

Total annual unit costs for type "N" Rotoclones are only 
slightly greater than those for the dry mechanical dust collectors, 
in spite of the fact that the collection efficiency of the type 
'IN" for small particles is far better. 

Table V shows annual purchase and installation costs for 32 
Schutte-Koerting Scrubbers installed in a uranium refinery, 
Operating costs, other than for water requirements, are not 
available. 

These eductor units are commonly used as a combination pump 
and scrubber when the corrosive properties of the gases and vapors 
make the use of mechanical blowers and exhausters impractical, 
As the mechanical efficiency of the unit when used as a blower is 
10% or less, the quantities of water that must be pumped are large. 
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The cost of pumping water in dollars per year per 100 gpm, is 
16.1 x H, where H is the pumping head in feet. (Power is assumed 
to cost $.015/KWH and annual use to be 8000 hours), For a 30 
foot pumping head (a commonly-used figure for low pressure 
applications), the annual cost per 1,000 cfm of air capacity will 
be $290.00 to $750.00 depending on the water requirements of each 
unit, as shown in Table V. This sum, plus the cost of maintenance 
and repairs, must be added to the annual equipment cost figures 
shown in the Table. 

SUMMARY 

Cost analyses of the many different types of dust collectors 
used at AEC sites show that Installations that are critical from a 
health and safety standpoint as we11 as those involving the 
handling of heavy dust loadings and highly corrosive gases and 
vapors, result in unusually high annual unit costs. These condl- 
tions are not greatly different from those encountered in more 
conventional industrial experience except that unfavorable 
operating conditions and critical health problems are much more 
frequent within the AEC. 

All types of units show lower unit costs as the size of the 
installation increases, up to about 10,000 - 20,000 cfm. For 
larger units, costs tend to be the same. For units of the same 
air flow capacity, treatment of exhaust air streams is usually 
2-3 times as costly as treatment of ventilation air streams, For 
supply air units of 10 000 cfm capacity, dry fiber throw-away 
prefilters cost under $50/1000 cfm/yr.; two-stage electrostatic 

% 
recipitators, $76/1000 cfm/yr.; and AEC absolute filters, 
175/1000 cfm/yr. 

For exhaust air cleaners of the same capacity (10,000 cfm , 
most dry and wet medium efficiency mechanical dust collectors w 1 11 
cost in the vicinity of $500/1000 cfm/yr., and cleanable fabric 
dust collectors about double this figure, 
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CHARACTERIZATION OF GAS-BORNE FISSION PRODUCTS 

W. E. Browning, Jr. 
R. D. Ackley 
M. D. Silverman 

ABSTRACT 

Two methods for determining the form of radioactivity in gases have been 
investigated. In the first method, diffusion coefficients for fine particles 
and for radioactive vapors such as iodine and its Compounds are determined by 
measuring the distribution of radioactivity on the walls of a channel 
previously exposed to gas carrying radioactive materials and flowing under 
lsminar conditions. This method has been utilized in investigating the nature 
and behavior of volatile iodine compounds. These have been observed to occur, 
in certain situations, in conjunction with the elemental form. Information on 
such compounds may be needed to design properly removal devices for radioiodine 
and to interpret deposition behavior. Composite diffusion tubes having, in the 
direction of flow, inner surfaces of silver, rubber, ,and, 
activated carbon have shown the presence of two non-elemental species of iodine 
in addition to the elemental. The compound or compounds which are retained by 
a rubber surface have an indicated diffusion coefficient in air of around 
0.05 cm2/sec, and that retained by activated carbon, about 0.10 cmz/aec. These 
results together with data obtained by other means have provided clues as to the 
identity of the iodine compounds and further work is planned in order to 
identify them more explicitly. 

The second method for measurement of the characteristics of radioactive 
aerosols makes use of fibrous filters. This method measures aerosols in terms 
of their response to the processes of inertial impaction, interception, and 
diffusion by determining their distribution versus depth in fibrous filters 
under carefully controlled conditions. The velocity dependence of the slope of 
distribution curves on a semilog plot identifies the mechanism of filtration, 
and the msgnitude of the slopes indicates the intensity of the filtering action 
and thus the character of the particles. Experiments where diffusion is the 
controlling mechanism have been quantitatively treated and particle sizes in 
the 50 to 500 A0 range determined by this technique compare favorably with 
those obtained from concentrations and flow data and electron photomicrographs. 

INTRODUCTION 

The behavior of gas-borne materials depends markedly on their form; 
consequently, the prediction of their dispersal or transport or the selection 
and design of systems for their removal from gases requires information as to 
the distribution of radioactivity between the different forms which occur. Two 
methods for determining the form of radioactivity in gases have been investi- 
gated. 
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DIFFUSIONAL DEPOSITION OF IODINE COMPOUNDS 

The first method for characterizing aerosols ha6 been described 
previously (1). In this method, diffusion coefficients for fine particles and 
for vapors, such as iodine, are determined by measuring the distribution of 
radioactivity on the Wall6 of a channel previously exposed to gas carrying 
radioactive materials and flowing under laminar conditions. As the diffusion 
coefficients are related to molecular properties or particle sizes, pertinent 
information as to the form of the fission product6 may thereby be obtained. 

More recently, the diffusional deposition technique has been utilized in 
an effort to determine the identity of various iodine compounds which have been 
observed to occur in the diffusion tube experiments along with the elemental 
form. British workers in this field have previously reported that their data 
indicated some formation of iodine compounds when elemental iodine is released 
into atmospheric air (2, 3). Their results, however, correspond to considerably 
lower concentrations of iodine in air and 60 are probably not directly 
comparable. Some of the iodine compounds variously encountered may have very 
different deposition behavior in a gas coolant system and also are very likely 
removed with much lower efficiency than elemental iodine in adsorbera and 
scrubbers, and, consequently, knowledge of their behavior is needed to design 
properly radioiodine removal devices. 

The probable presence of iodine compounds became apparent in this work 
when distribution6 in diffusion tubes did not conform to either those previously 
obtained or to those anticipated. In the earlier experiments corresponding to 
these observations, particle6 had been generated and labeled with I-131, but 
later on, in order to concentrate attention on the compounds, deliberate 
particle generation was omitted and the source air, which was the carrier gas 
in these studies, was rather elaborately filtered. Detailed examination of 
the diffusion tubes, which were silver-plated copper tubes, and of associated 
rubber tubing and activated carbon traps, then indicated the presence of two 
distinct species of iodine other than elemental. One of the species appeared 
to be quantitatively retained by the inner surface of rubber tubing and the 
other by activated carbon, but neither by silver metal. Both the origin and 
the importance of these two species are speculative but considering the important 
role of iodine in nuclear safety, further elucidation was deemed highly desirable. 
An experiment was then performed which included rubber tubing diffusion tubes; 
from the I-131 distribution in these a diffusion coefficient for one of the 
species in air was calculated to be about 0.05 cm2/sec indicating a molecular 
weight (or weights) of about 3000 amu. Of the total I-131 activity involved in 
the experiment, around 6% was estimated to be in the form of compounds. Also, 
the source iodine, which had I-127 as carrier, remaining after this experiment 
W&6 analyzed by ma6s spectrometry and was observed to contain two compounds 
having mas6es well in exces6 of that of elemental iodine, the masse6 being 284 
and 338. TWO compounds having these weights are SiH212 and C6Hl2I2, 
respectively, although this is not to suggest the identities but only to provide 
examples of the possibilities. 

In another approach to this problem, the initial objective was to be able 
to prepare pure radioiodine and subsequently, to allow such material to contact 
other gases and various surfaces, and then to determine if volatile radioactive 
compounds were produced. The method of iodine preparation investigated wa6 
similar to that described by British workers (2, 3) and involved the evolution 
of iodine from melted potassium dichromate containing NaI-131 and KI-127. The 
purity was determined by mean6 of the behavior of the iodine in diffusion tubes. 
With helium as a carrier gas, a purity of 99.6$ was achieved; but with air, the 
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purity was only 98.8% and the principal impurity had a diffusion coefficient in 
air of 0.05 cm*/sec, as had been obtained earlier. Since these observations 
indicated the air source was at least partially responsible for the appearance 
of compounds, attention was directed toward it. The air used in the test 
yielding 98.8$ was plant air passed through an activated carbon trap. Since 
the activated carbon itself might have desorbed gases which subsequently reacted 
with iodine, as only traces would be required, it was replaced in the next 
experiment with a trap filled with Linde Molecular Sieves Type 5A. Also, the 
diffusion tube train had, in addition to silver-plated and rubber tubing, a 
following section of tube lined with activated carbon dust. Virtually all of 
the I-131 radioactivity which evolved from the dichromate melt and which entered 
the diffusion tube train was retained in the train and, of this iodine, 99.3% 
was indicated to be elemental. Most of the remaining 0.7% deposited on the 
rubber tubing and exhibited a diffusion coefficient in air of about 0.035 cm2/sec, 
not greatly different from the previous result6 for rubber tubing. About 0.1% 
penetrated the silver-plated and the rubber tubing and deposited in the tube 
lined with activated carbon to yield a diffusion coefficient of 0.10 cm2/sec 
which corresponds to HI or a 6lightly larger molecule than HI. These deposition 
result6 are shown in Fig. 1. A small portion of the evolved radioactivity did 
not reach the diffusion tube but deposited, probably due to a gas-phase reaction, 
a6 a yellow solid at a point where the air stream carrying the radioactivity was 
diluted by the main air stream. Preliminary indications are that the deposit 
was an iodine-oxygen compound. 

As may be seen from the preceding, a variety of information has been 
obtained pertaining to the Compound6 of iodine which may occur in conjunction 
with the elemental form, and further studies toward this objective are planned. 

CHARACTERIZATION OF AEROSOLS BY FIBROUS FILTERS 

The second method for measurement of the characteristics of radioactive 
aerosols makes use of fibrous filters. The transport of an aerosol through an 
array of fiber6 brings into play the processes of inertial impaction, inter- 
ception, and diffusion. Since all these processes have important effects on the 
behavior of radioactive material6 in gases, it would be useful to be able to 
characterize radioactive aerosol6 by measuring their behavior in fibrous beds. 
This method mea6ures aerosols in terms of their response to theee processes by 
determining their distribution versus depth under carefully controlled conditions, 
A filter was developed having uniform fiber diameter to permit theoretical 
analysis and having a layered structure to facilitate separation of the fiber 
bed into discrete layers for radioassay after exposure to the aerosol. A 
radioactive aerosol of 0.004-0.03~ particles, containing Zn-65 was developed 
for initial tests of this method of characterizing aerosols. 

Experiments have been conducted over a wide range of linear flow rates, 
from 0.2 to 44 cm/6ec. The data are analyzed by means of graphs (Fig. 2) in 
which the log of the activity collected per layer is plotted against depth in 
the filter expre sed as number of la ers of material. Each layer contains 
approximately 10 t cm of fiber per 3 cm of filter area, evaluated from disk 
weights and the density of the fiber. In the low flow region where Brownian 
diffusion is the dominant process for particle transport to the fiber, the 
efficiency of filtration decreases with increasing velocity. In the high flow 
region, where inertial impaction is the principal process for particle traneport, 
the efficiency increases with increasing velocity. In the intermediate flow 
region, the interception range where geometrical consideration6 involving 
particle size and fiber size are very important, the filtration efficiency is 
largely independent of velocity. ThUS, the velocity dependence of the slope of 
these dktribution curves identifies the mechanism of filtration, and the 
magnitude of the slopes indicates the intensity of the filtering action. 
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The filtering action of a fiber mat is the cumulative effect of particle 
removal by individual fibers. The collection efficiency of an individual fiber, 
nd, is defined as the ratio of the cross-sectional area of the aerosol stream 
from which particles are removed to the projected area of the fiber in the 
direction of flow and may be obtained from the slope of the distribution curve 
on the semi-log plot. This slope may be substituted directly for (In N/No)/L 
in the expression derived by Langmuir (4) and confirmed by Davies (5) and by 
Chen (6) for the single fiber efficiency: 

qd = (1) 

where No and N are the upstream and downstream particle concentrations, 
respectively, a: is the volume fraction occupied by the fibers, L is the 
thickness of mat, and df is the fiber diameter, all in c.onsistent units. Fiber 
efficiencies,evaluated for those experiments conducted at linear velocities of 
0.2 to 2.5 cm/set showed that nd is proportionalto l/velocity*. This decrease 
of efficiency with increasing velocity indicates that, in this flow region, 
diffusion is the primary mechanism of filtration. 

Stairmand (7), using the same approach aa Langmuir, based on diffusion of 
particles to the fiber surface in a fluid within a time equal to rrdf/2v, 
derived the following expression for the diffusion collection efficiency: 

(3 l/2 
rid = vdf 9 

where v is the fluid velocity and D is the diffusion coefficient calculated 
from the Einstein expression (8): 

D= $-. 
P 

(3) 

Here dp is the diameter of the particle, C is the Cunningham coefficient, v is 
the viscosity of the fluid, and the other symbols have their conventional 
meanings. The quantitative agreement between Eq. (2) and the experimental 
velocity dependence is confirmation that diffueion is the primary filtration 
mechanism under the specific conditions treated. 

Particle diameters calculated from the experimental data using Eq. (2) are 
shown in Table I for experiments at several different velocities, The double 
sets of figures represent the two groups of particle sizes demonstrated by the 
separate portions of the curves in the semi-log radioactivity distribution 
plots discussed above. The use of Eq. (2) emphasizes the smaller size end of 
the particle spectrum and the results agree well with the lower size end of a 
particle distribution plot obtained from electron photomicroscopy. In the 
third column of the table under the heading "radiochemical data" another set of 
diameters, weighted toward the larger particle sizes, was calculated ae followat 
Radioassay results from the filter mats, along with specific activity data from 
the irradiated zinc foil electrodes, were combined to give the total weight of 
zinc removed by the filters. The number of particles produced was calculated 
from the volume of air transported and a particle concentration for the aerosol 
(read from a condensation nuclei counter, Gardner Associates). The concentrations 
observed are consistent with those which would be expected from the geometry of 
the experiment, and coagulation theory expounded by Whytlaw-Gray (9). From the 
weight of aerosol filtered (assuming a density of 1) and the number of particles 
per experiment, an average diameter was calculated for the particles in each 
experiment. It should be noted that at 2.5 cm/set, the particle diameters 

-160- 



Table I. Comparison of Particle Sizes Determined by Different Methods 

Gas Velocity Calculated Particle Diameter (A') 
cm set From Diffusion Equation (2) From Radiochemical Data 

0.2 104 l&l 

168 

0.35 100 160 

180 

0.5 52 1-35 

98 

0.85 36 105 

70 

1.4 .'i5 80 

1q 

2.5* 13 65 

28 

*An aerosol prepared at 2.5 cm/set, examined by electron microscopy, had a 

median diameter of 120 A" and a geometric standard deviation of 2.0. 
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calculated theoretically are low compared with the radiochemical value, because 
the interceptional process is beginning to contribute to the filtration. The 
agreement between the three different methods for determining particle size is 
good. 

Similar analyses of the distribution curves are being made for the 
inertial and interceptional regimes. 

REFERENCES 

1. W. E. Browning, Jr. and R. D. Ackley, "Characterization of Millimicron 
Ra.dioactive Aerosols and Their Removal from Gases", Third Conference on 
Nuclear Reactor Chemistry, USAEC Report TID-7641, pp. 130-147. 

2. 

3. 

A. C. Chamberlain, A. E. J. Eggleton, W. J. Megaw, and J. B. Morris, 
Faraday Society, London, Discussions,E, 162-69 (1960). 

W. J. Megaw and F. G. May, Reactor Science and Technology, l6, 427-436 
(1962). 

4 . I. Langmuir, OSRD Report No. 865 (1942)(Washington: Office of Technical 
Services). 

5. C. N. Davies, Proc. Inst. Mech. Engrs. (London) Bl, 185 (1952). 

6. C. Y. Chen, Chem. Rev. 2, 595 (1955). 

7. C. J. Stairmand, Trans. Inst'n. Chem. Engrs. (London) 28, 130 (1950). 

8. A. Einstein, Ann. Physik. l& 549 (1905); 9, 37 (1.906). 

9. R. Whytlaw-Gray, J. Chem. Sot. a (1935). 

Session Chairman? The last paper to be presented during Session III 
is by L. A. Haack of ORAL and is entitled t'Analysis of a Possible Influence of 
Parti.cle Size on Iodine Removal Efficiency of a Charcoal Filter." 

-162- 



ANALYSIS OF A POSSIBLE INFLUENCE OF PARTICLE SIZE 
ON THE IODINE REMOVAL EFFICIENCY OF A CHARCOAL FILTER 

L. A. Haack 

INTRODUCTION 

The purpose of this paper ie to show that to describe properly the efficiency of 
a filter in removing contaminants, especially iodine-131, from an air etream not 
only must the amount of impuritiee be specified (such aa the number of curie8 or 
grams of iodine-131 per unit volume or parts per million) but alao that the 
size distribution of particlee in the air etream must be specified. Only in 
this way can the efficiency of a eingle charcoal filter, or of a ayetem composed 
of a aeries of filter8 of various typea, be properly described. The eiee dis- 
tribution of particles is important eince these particle8 might have iodine-131 
associated with them. qa) 

It is recognized that statementm of thie general type have been made previously 
by others. For example, Linderoth, Hilliard, and Haaly stated: 

It . ..an investigation of particle emission should be made. This would 
include the determination of the types of fission producta aeeociated 

~:“:,:h~e;“,;~;~:‘ie j 
the activity exhibited, and the aice dietribution 

Dennis, et al @) -- and Browning and Ackleyt3) have made eimilar statement@. 

The importance of these etatemente ie emphasized by the main feature of thie 
paper ; namely, a calculation in which it is shown that the efficiency of an 
assumed model of the filtering proceee compared quite cloeely with the effi- 
ciency which had been measured for an actual filter system. Baeed on the BUC- 
ceaa of this agreement, the efficiencies of filters of two other eituatione were 
calculated: 

1. Aesuming that the air contained 10% of the total amount of iodine-131 aeeo- 
ciated with particles less than 0.3-micron diameter. (Absolute filters do 
not remove particles lees than 0.3 micron with high efficiency.) 

2. Injecting elemantal iodine into the air upstream from a filter. 

It is further suggested that it is quite eaay for an exhauet stream to contain 
a significant percentage of particles smaller than 0.3 micron; namely, that such 
particles are produced by man and normally exist in the atmoephare. Thie fact, 

(a)By “associated” it ie meant that the iodine-131 is adaorbed or absorbed by a 
particle , or that the iodine-131 hae formed a compound with one or more other 
elements, or a combination of the preceding. For the purpose of this paper 
it is not important to distinguish which is the case; rather, it ie only 
important that a certain percentage of the total Iodine-131 activity behave0 
in the filtering procees a8 though it were particulate in the arize range from 
about 0.001 to 0.3 microns. 

-163- 



as pointed out by Dennis, et a1,(4) could greatly complicate and confuse the -- 
laboratory work of very accurately measuring the efficiency of filters since the 
amount of such parti.cles varies widely from locality to locality and even varies 
with time at a given locality. 

This paper is largely heuristic in nature, and therefore certain assumptions are 
made without attempting to justify them. 

CALCULATIONS AND COMPARISONS 

One of the main concerns in the operation of a nuclear reactor is that in case 
of an accident the materials which are released by the accident not cause a 
hazard to personnel or great damage to property. Specifically, the main concern 
in many reactors is the biological effect of the radioiodines, especially 
iodine-131. 

A common method of limiting the potential biological haeard is to exhaust the 
air and its contaminants from the reactor building, pass it through a set of 
filters, and discharge it to the atmosphere from a hfgh stack. 

The key link in such a scheme is the filter system through which the air passes 
and which, ideally, removes the hazardous materials. This process muat be very 
efficient for most reactors since as little as about 0.01% of the iodine-131 
inventory contained within the fuel elements of some reactors, if released 
directly to the atmosphere, would exceed the present maximum permissible concen- 
tration. 

Since the air exhausted is likely to contain particles having a wide range of 
sizes, the filter system usually consists of different types of filters--normally 
roughing filters, absolute filters, and charcoal filters. 

Roughing filters usually consist of a fibrous material and can usually remove 
all particles larger than -lOO-microns diameter. Absolute filters usually con- 
sist of asbestos-impregnated paper and can remove 99% of the particles of greater 
than 0.3-micron diameter. Charcoal filters usually consist of 6-14 mesh char- 
coal particles and can usually remove more than 99.99% of the elemental iodine. 
Figure 1 summarizes these commonly accepted filter efficiencies. 

Apparently there is a particle size range for which no type of filter is com- 
pletely effective. The range is that below the absolute filter (0.3 microns) 
and above the charcoal filter (elemental iodine). At first glance, this gap 
might appear to be relatively unimportant since this range is such a very small 
percentage of the total. As previously stated, though, it is the main point of 
this paper to show that this range may be a very critical one that influencea 
considerably the over-all effic 
As can be seen from Figure 2, (55 

ency of a reactor air-handling filter system. 
several processes produce particles in this 

size range; for example, smoke from various sources and chemical mists. 

Model Used in Calculations and Comparison 
with Actual Filter Efficiency Measurements 

The model used in the calculations is quite simple. Essentially it assumes the 
following: 

1. The air stream passing through the filter is composed of two componenta: 

a. Iodine in elemental form, and 

b. Iodine associated with particles less than 0.3 microne in diameter. 
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UNCLASSIFIED 
ORNL-DWG 63- 5096 

PARTICLE 
SIZE 
(I-L) 

fOO0 

fO0 

10 

t 

0.3 

0.1 

0.01 

0.001 

- TYPE OF FILTER EFFICIENCY (%) 

I 
ROUGHING -100 

.UTE -100 

I I 
ELEMENTAL CHARCOAL -100 

Fig. 1. Efficiency of Various Types of Filters for 
Range of Particle Sizes. 
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UNCLASSIFIED 
ORNL-DWG 63-5097 

PARTICLE 
SIZE 

w 

10 

3 

1 

0.3 

0.1 

0.03 

0.01 

1. EXHAUST FROM AUTOMOBILE ENGINE (REF 11) 
2. EXHAUST FROM BESSEMER CONVERTER (REFIO) 
3. TOBACCO SMOKE (REF 5) 
4. MAGNESIUM OXIDE SMOKE (REF 5) 
5. AMMONIUM CHLORIDE FUMES (REF 5) 
6. ALKALI FUMES (REF 5) 

Fig. 2. Sizes of Selected Types of Particles. 
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2. Each of these two components is removed with a distinctive efficiency (it 
might be called a "partial efficiency" or "component efficiency"). In the 
case of elemental iodine the efficie y is 99.9%, for iodine associated 
with particles something much less. (8 

3. The distinctive efficiency of each component remains unchanged for subse- 
quent filters of the same type in series. 

The air stream could be separated into more than two components, each of which 
could be filtered with a particular efficiency. However, it is believed that 
this is a refinement that is not justified on the basis of present experimental 
data. 

As was pointed out by Browning and Ackleyg6) the ability of a charcoal filter to 
remove particles smaller than 100 x is considerably less than its ability to 
remove elemental radioiodine. For example, they reported efficienciee for a 
3/4-in.- thick charcoal bed of 75% for 60 53 particles. 

Based on these reported values it is interesting to calculate the combined and 
individual efficiencies of three charcoal filters in series for an air stream 
that contains, for example, radioiodine, 99.95% of which is elemental radio- 
iodine and -0.05% of which is associated with particles smaller than 0.3 micron. 
To arbitrarily choose workable numbers for the calculation, suppose that the 
exhaust stream has 10,000,000 arbitrarily-sized activity units of elemental 
iodine and 5,000 units aseociated with particles smaller than 0.3 micron. 
Further, suppose that the charcoal filter removes elemental iodine with an effi- 
ciency of 99.9% and the particles with an efficiency of 10%. 

By using these efficiencies, we find that 10,000 units of elemental activity and 
4,500 units of particulate activity penetrate the first charcoal filter 
(Figure 3a). The efficiency of this filter in removing radioiodine from the 
stream, regardless of its form, is 

Efficiency - 1 - 10,000 + 4,500 
10,000,000 + 5,000 - gg.9%. 

If these same efficiencies are assumed for the two iodine-131 components for the 
second filter, 10 activity units of elemental iodine and 4,050 activity units of 
particulate will penetrate (Figure 3b). The efficiency of this second filter is 
then calculated to be 

l- 10 + 4,050 
10,000 f 4,500 - 72.o%* 

If this stream now passes through a third charcoal filter with the same effi- 
ciencies, 0.01 activity units of elemental iodine and 3,645 activity units of 
particulate will penetrate (Figure 3~). The efficiency of this third filter is 

l- 0.01 + 3,645 E 10 + 4,050 1o * 1'-/ 0S 

These calculated effi iencies are compared in Table I with those reported by 
Browning and Adams. (75 

(b)The thickness of the charcoal and nominal velocity of the air stream passing 
through it need not be rigorously specified for the calculations, since the 
general method will be applicable to a wide range of thicknesses and veloc- 
ities. A 3/4-in. thickness of charcoal and velocity of 25 fpm are reasonably 
typical to use for the efficiencies in the calculations. 
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Table I. Comparison of Calculated Filter Efficiencies 
with Measured Efficiencies 

Browning-Adams This Paper 

1st filter 

2nd filter 

3rd filter 

99.99% 99.9% 

74.6% 72 .O% 

14.5% 10.1% 

The comparison between the two is striking! 

The calculated combined efficiency of the three filters then is 

1 - 
0.01 + 3,645 

10,000,000 + 5,000 = l - 3*64 x lo 
-4 = 99.96%. 

Moreover, if the relative amount of iodine associated with particles is greatly 
changed,the efficiency of each individual filter and of the filter combination 
is changed greatly, too. This is shown in the next section. 

Admittedly, the model used in the preceding calculation is quite crude, and the 
quantities of activity and efficienciee which were assumed are quite arbitrary 
and fortuitous. Nevertheless, the general idea is demonstrated adequately. 

Calculated Filter Efficiency for Air Stream Containing 
Approximately 10 Percent of Total Iodine-131 Activity 
Associated with Particles Less Than 0.3-Micron Diameter 

Since the efficiencies calculated by the proposed model compared favorably with 
experimental data, it would seem of interest to use the model for other eitua- 
t ions . One interesting situation is that of an air etream which has a fairly 
high percentage of activity associated with particulate in the range 0.001 to 
0.3 microns. 

For example, suppose.that the exhaust stream has 10,000,000 arbitrarily-eized 
activity units of elemental iodine and l,OOO,OOO units associated with particles 
smaller than 0.3 micron. (The actual percentage of activity associated with the 
particles is 9.1% of the total activity. The 10,000,000 and l,OOO,OOO were 
chosen for convenience .) 

For the first charcoal filter, 10,000 activity units of elemental iodine and 
900,000 units of particulate iodine penetrate (Figure 4a). The efficiency is 

10,000 + 9~0,000 
- 

l- 10,000,000 + 1,000,000 - g1.7%* 

For the second filter the efficiency is (Figure 4b) 

l- 10 + 810,000 
10,000 + 900,000 = 11.0%. 

For the third filter the efficiency is (Figure 4c) 

l- 0.01 + 729,000 - lo o”/ 
10 + 810,000 ’ O’ 

The over-all efficiency for the three filters in series is 

l- 0.01 + 729,000 
10,000,000 + 1,000,000 = 93.4%. 

This over-all efficiency would probably not be acceptable for many installations. 

Based on the preceding calculations an important conclusion can be drawn; namely, 
if a fairly large percentage of iodine activity is associated with particles, or 
behaves as particles, in the range 0.001 to 0.3 microns, the efficiency of a 
charcoal filter may not be acceptable. 
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It is natural to speculate on conditions when an air stream, especially in a 
full-sized plant, contains iodine-132 activity a large fraction of which is 
associated with particles in the size range 0.001 to 0.3 microns. Several con- 
ditions which could lead to this situation are: 

1. Certain types of fuel elements when melted under certain conditions pro- 
duce particles in this size range. 

2. The atmosphere contains, at all times, particles in this size range. 

3. Fuel-reprocessing plants and isotope-recovery plants in their normal opera- 
tion produce chemical mists in this size range. 

Regarding the first condition, particles in this size range have been observed 
to be produced by the melting of some types of fuel elements. For example, 
Parker(8) measured the size distribution of particles produced when U02 was 
melted in several different atmospheres. He found that in air 3% of the par- 
ticles produced were less than 0.0250 microns, in helium 15% were less than 
0.007 microns, and in carbon dioxide 30% were less than 0.040 microns. (This is 
not to imply, however, that all types of fuel elements or conditions causing 
melting are likely to produce particles of these sizes.) 

It can be postulated that a certain fraction of iodine-131 released in elemental 
form somehow becomes associated with these particles. (We leave unsettled the 
question of what percentage of the original amount of iodine-131 in the fuel 
element was released upon melting.) These particles will not be removed by any 
of the three types of filters with a high efficiency. 

If the total amount of iodine-131 activity associated with these particles is 
quite small, say 0.05%, the situation may not be serious.. On the other hand, if 
the amount associated with the particles is higher, say lo%, the situation could 
indeed become serious. 

Regarding the role of naturally occurring particles in the atmosphere, it has 
been found that the atmosphere contains at all times rticles in a wide range 
of size and of chemical form. As shown in Table LI,( 8 the amounts and types of 
particles depend very much upon locality. 

Table II. Occurrence of Particles in the Atmosphere 
for Various Localities During 1957 to 1958 

Locality 

Akron, Ohio 

Gary, Indiana 

Knoxville, Tennessee 

Minneapolis, Minnesota 

Los Angeles, California 

Baldwin County, Alabama 

Butte County, Idaho 

Maximum Quantity of Maximum Quantity of 
Suspended Particulate 

Observed &g/m3) 
Benzene Soluble Organic 
Matter Observed ug/m3) 

431 40.0 

945 46.8 

245 33.7 

722 18.1 

361 56.1 

49 7.6 

56 3.8 

Unfortunately, the sizes of the particles were not listed; however, we can gain 
knowledge on the probable sizes of many of these from other sources. For example, 
the size of many particles emitted from a Bessemer converter has been found to 
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be in the range from 0.01 to 0.1 micron. (10) Also, particles exhausted from 
automobile engines have been found to be in the range from 0.05 to 0.1 micronf") 

These numbers are not meant to imply that the quantities quoted in Table II 
consist entirely of particles from steel mills or automobile engines; they are 
meant to imply, however, that some of the particulate matter most likely con- 
sists of particles in this size range. 

The air which is drawn through the reactor containment system will contain these 
particles even if the inlet air to the reactor building is filtered with rough- 
ing and absolute filters which, for practical reasons, is usually not the case 
anyway. 

Thus any elemental iodine released to the containment system may readily become 
associated with some of these particles. Therefore, even though a particular 
type of fuel element, upon melting, may not produce small particles there is 
still the distinct possibility that iodine-131 will become associated with 
difficult-to-remove particles and thus be transported through the filter system 
to the atmosphere. The seriousness of such a situation depends, in part, upon 
the quantity and type of contaminants existing in the atmosphere. 

Contaminants in the atmosphere have been suggested(12) as contributing to the 
difference in efficiencies measured by various workers for the same type of 
filter under apparently the same test conditions. 

Furthermore, even if an extremely pure atmosphere is used in laboratory teste 
the fact remains that the ultimate users of filter systems (namely, reactors, 
isotope-recovery plants, and fuel-reprocessing plants),for practical reasons, 
may be unable to use anything except the unfiltered, or only slightly filtered, 
natural atmosphere. For example, the ventilation system at the Oak Ridge 
Research Reactor is designed to exhaust about 6,000 cfm of air during an emer- 
gency. To achieve this flowrate an equivalent quantity of air must also enter 
the building. The major portion of the air enters through two intake ducts 
which contain roughing filters; a smaller portion enters through various leaks, 
such as around the doors, and is not filtered. 

It is also suggested that there are factors that can cause concentrations higher 
than the maximums quoted in Table II. The exhaust from a specific source of the 
particles, a diesel-generator unit, for example, causes higher concentrations in 
its immediate area. If such a unit were used as the emergency power source for 
a reactor and if the exhaust of the unit were discharged near the intake of a 
reactor containment system, then even more particles than normal would be avail- 
able. It is likely that some of the iodine-131 would become associated with 
these particles. 

The third situation, where more than the normal amount of particles less than 
0.3-micron diameter are likely, is in a fuel-reprocessing plant or in an 
isotope-recovery plant (in the latter case, especially, recovery of iodine-131). 
Of course, if the fuel at a fuel-reprocessing plant had decayed for a suffi- 
ciently long time, the iodine-131 presents no problem. However, in the case of 
the isotope-recovery plant, there is a problem since iodine-131 is often an 
important product. During portions of the recovery process at the ORNL 
Iodine-131 Processing Facility, certain chemicals are used. Among these are 
NaOH, HN03, and H2S04.(13) It is likely that in this process chemical mists con- 
taining particles of less than 0.3-micron diameter are produced, as can be seen 
by referring to Figure 2. 

Such particle production could be a major contributor to the lower-than-expected 
efficiencies of charcoal filters in the iodine-131 isotope-recovery plants.(13) 
Specifically, it is likely that more than 0.05% of the total iod'ine-131 activity 
is somehow associated with particles of less than 0.3-micron diameter. 
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Effect of Adding Elemental Iodine to an Air Stream 
In an Effort to Increase Filter Efficiency 

The efficiency of a charcoal filter is often low when the iodine concentration 
in the air stream is low. Since the low efficiency is suggested to be caused 
somehow by the low iodine concentration, it seems reasonable to attempt to in- 
crease the efficFency of a filter by adding more iodine to the air stream. 

However, it is believed by the author that iodine concentration per se cannot 
completely account for the low efficiency. The proposed model of thefilter can 
be used to show that injecting iodine in elemental form upstream from a filter 
does not improve the efficiency of the filter. Figure 5, an extension of 
Figure 3c, shows this situation. 

Assume that the iodine is injected between the third and fourth filters as 
elemental iodine only and that there is no increase in the amount of activity 
associated with the particles. The efficiency of the fourth filter is then 
(Figure 5) ._ 
l- 1,000 + 3,280 

l,OOO,OOO + 3,645 = 99.6%. 

This is a tremendous increase over the 10.1% efficiency of the third filter. 
However, we have merely succeeded in releasing more iodine from the system, as 
tabulated below: 

Leaving third filter; 0.01 + 3,645 = 3,645 units. 

Leaving fourth filter; 1,000 + 3,280 - 4,280 units. 

Granted, we need not have injected as much as l,OOO,OOO elemental units nor need 
it have been radioiodine. However, the calculation does show that simply injec- 
ting elemental iodine to increase the concentration of iodine-131 in the air 
stream probably produces no increase in the efficiency of the filter. This cal- 
culation further illustrates the main purpose of this paper; namely, that the 
form of the iodine must also be specified. 

Of course, if the injected elemental iodine did somehow cause the iodine asso- 
ciated with the particulate to escape and become elemental iodine or did cause 
the particulate to agglomerate to particles larger than 0.3 micron, the effi- 
ciency of the fourth filter would be improved. 

CONCLUDING COMMENTS 

This paper is not, and was not intended to be, a complete and extensive review 
of the problems in achieving high efficiencies with filters in removing contam- 
inants, especially iodine-131, from an air stream. Its only purpose is to focus 
attention on the role that particles in the size range from about 0.001 to 
0.3 microns apparently play in the efficiency of filter systems, particularly in 
full-size operating plants. 

It naturally follows, then, that the usual method of expressing the concentration 
of iodine-131 in an air stream (namely, mg/ft3) is not sufficient if one is to 
take these smaller particles into account properly. Rather, as has been sug- 
gested by others, it is necessary that information on the particle;sfze distri- 
bution and the amount of iodine-131 activity apparently associated with them 
should also be given when describing the efficiency of filters. 

Further, this paper neglects the effect of deposition of iodine-131 on the walls 
of a duct. The main reason for doing so is that the percentage of iodine which 
deposits on the walls of the duct is probably not significant in comparison to 
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the required removal efficiency of the filter. Furthermore, it is not yet clear 
whether the iodine so deposited is in elemental form, which would be removed by 
a charcoal filter anyway, or is associated with the difficult-to-filter particles. 
It seems more prudent to assume the former until there is proof to the contrary. 

It is emphasized that the specific mechanism by which the iodine is associated 
with the particles is of no great interest for the purpose of this paper. That 
is to say, it makes no difference whether the iodine is in compound form or 
attached as elemental iodine to some particle. It is only necessary for the pur- 
pose of this paper that the iodine somehow becomes attached to particles of this 
size or that the particles behave as though they were in this size range. Of 
course, in actual practice the form of the iodine would most likely be important 
if attempts were made to somehow increase its particle size or to convert it to 
elemental iodine. Also, certain forms may attach to particles more readily than 
others. 

Last, it must be remembered that the major purpose of the vast amount of work 
currently in progress regarding air cleaning is for a specific end result; 
namely, use in plant-size facilities where extremely large amounts of biologi- 
cally harmful materials exist. Even in case of a major accident, the design must 
be such that not more than a very small percentage of these materials can be 
released to the atmosphere. This means that information which can be used in 
the design of a practical, over-all filter complex must be available to the 
designers of these systems. Such information would include the distinctive effi- 
ciency of the various components of the air stream for the different types of 
filters and the amount and types of particles which could be expected from 
various types of reactor incidents or meltdowns, isotope-recovery plants, and 
fuel-reprocessing plants. From this information, a “tailor-made” filter system 
could be designed. This could be a formidable task for some reactors, such as 
research reactors, which usually have more than one type of fuel either in 
various test loops or as the reactor fuel. What may be practical in small-scale 
laboratory work may not be practical in a large plant. 

DISCUSSl@N AMD COI%l?NT 

The complete penetration of the 0.3 micron particles, and below, and 
efficiencies were assumed in this paper. 

Session Chai.rman: If there are no further questions, I will turn 

the podium over to Dr. First who will be the Chairman of Session IV. 

SESSIONIV - AIR AND GAS CLEANING METHODS 

Afternoon - 22 October 1963 

M. W. First, HACL, Chairman 

Session Chairman: Since we are runninE considerably behind time, as 
I am sure you are aware, instead of taking a stretch as we might like, I am going 
to continue right on. 

Session IV concerns Air and Gas Cleaning Methods. I am aure I do not 
have to introduce the first speaker, who will discuss t'Performance of Diffusion 
Board for Radioactive Gases and Particulates." If I were to say the speaker is 
Mr. Air Cleaning I am sure you would understand I am talking about Les Silverman. 
He is Professor of Environmental Health, Engineering and Radiation Hygiene at 
Harvard University, and is the Head of the Department of Industrj.al Hygiene. 
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